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ABSTRACT
Perchlorate-selective ion-exchange fiber composites (IXFCs) based on an ac-
tive resin-on-fiber architecture exhibit rapid exchange kinetics. Coatings con-
sist of hydrophobic poly(vinylbenzyltrialkylammonium chloride) (PVBTC)
matrices prepared by quaternization of a poly(vinylbenzyl chloride) precur-
sor using an array of tertiary amines. Bulkier, more hydrophobic amines,
such as tributylamine (TBA) or trihexylamine (THxA), yield IXFCs with
higher selectivity for perchlorate but slower exchange kinetics. IXFCs based
on hydrophilic amines, such as trimethylamine (TMA) and triethanolamine
(TEOA), exhibit relatively low selectivity but faster exchange kinetics. An
IXFC based on the asymmetric hexadecyldimethylamine (HDMA) displays
high effective capacity for perchlorate and relatively fast exchange kinetics,
and outperforms the best available technology, Purolite A-532E ion-exchange
beads, in a column flow-through test by removing perchlorate from 700 ppb
(7 µM) to below 4 ppb (0.04 µM).
Immobilized PVBTC thin films are independently studied for their re-
sponse to environmental stimuli including variable relative humidity and
ion-exchange from chloride to perchlorate form. Mass uptake and mechan-
ical stress in the films are investigated using a quartz crystal microbalance
and a scanning optical laser apparatus, respectively. Water absorption in
these films is strongly correlated to both the amine modifier and counterion
present in the matrix.
Mass uptake is lowest in a TBA-modified film in perchlorate form and
highest in a TMA-modified film in fluoride form. Water uptake results in a
maximum relative compressive biaxial stress of −33 MPa and −113 MPa for
these two films, respectively. All of the PVBTC films appear to yield upon
hydration and dehydration, which is attributed to elasto-viscoplastic defor-
mation and influenced by a depression of the glass transition temperature via
plasticizing. These results suggest the mechanical properties of hydrophobic
ii
polycations may be effectively controlled through judicious selection of fixed
ion and counterion.
The exchange of one counterion with another–perchlorate with chloride–
induces mechanical stress in polycation matrices. The magnitude of the
stress decreases with increasing hydrophobicity of the matrix. Each material
exhibits tension upon exchange from chloride to perchlorate form, consistent
with matrix dehydration. Data are fit to a chemical equilibrium model as-
suming proportionality between stress and conversion to perchlorate form.
Selectivity coefficients range from 43 for the TMA-modified film to 370 and
450 for the TBA- and tripropylamine (TPrA)-modified films, respectively,
again indicating greater selectivity for perchlorate in more hydrophobic ma-
trices.
Collectively, these results help clarify the physical origins of perchlorate
selectivity in anion-exchange resins, supporting the prevailing theory relat-
ing selectivity and diffusion in perchlorate-selective anion-exchange resins to
hydrophilicity and water content.
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CHAPTER 1
INTRODUCTION
1.1 Perchlorate: a Problem of Social Significance
Perchlorate (ClO–4) is an anionic contaminant found in groundwater supplies
throughout the United States, especially in areas near Air Force bases and
rocket-manufacturing facilities. Due to physicochemical properties similar to
iodide, ClO–4 inhibits uptake of iodide into the human thyroid [1]. The US
EPA estimates as many as 17 million people may be exposed to dangerously
high levels of ClO–4 [2]. As a result, the EPA issued a final decision [2] in
2011 to regulate ClO–4 levels in drinking water by 2014. Previously, the EPA
issued an Interim Drinking Water Health Advisory level of 15 ppb (approx.
0.15 µM) ClO–4 in drinking water [2]. Therefore, it is of critical importance
to develop methods for removal of ClO–4 to safe levels in drinking water.
1.2 Ion-Exchange Fiber Composites
In Chapter 2, I describe the development of a new class of treatment
technologies–ion-exchange fiber composites (IXFCs)–capable of rapid, se-
lective removal of ClO–4 from water. The IXFCs are based on an active
anion-exchange resin-on-glass fiber architecture. The active resin is com-
posed of a poly(vinylbenzyltrialkylammonium chloride) (PVBTC) prepared
by quaternization of poly(vinylbenzyl chloride) with various tertiary amines.
Modifying the chemical composition of the resin has a significant effect on
the resulting capacity, ion-exchange kinetics, and selectivity for ClO–4. Hy-
drophobic amines generally exhibit high ClO–4-selectivity but slow exchange
kinetics, whereas the opposite is seen with hydrophilic amines. The IXFCs
outperform the best available ClO–4-selective ion-exchange beads and exhibit
potential for use in high-throughput applications such as residential point-
of-use water filters.
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1.3 Mechanical Response of Hydrophobic Polycations
to Water Uptake and Ion-Exchange
Chapter 3 and Chapter 4 describe the mechanical response of PVBTC thin
films to water uptake and ion-exchange, respectively. The specific constitu-
tive amine used in preparation of the films has a substantial effect on the
response: PVBTC films incorporating bulkier, more hydrophobic amines ab-
sorb less water and display smaller changes in stress upon water uptake and
ion-exchange than do those based on hydrophilic amines. Importantly, the
results in Chapter 3 and Chapter 4 build on those in Chapter 2 to provide
compelling evidence that absorbed water plays a significant role in dictating
exchange kinetics and selectivity in ClO–4-selective ion-exchange resins.
1.4 Looking Ahead
As the EPA regulatory decision was made in 2011 [2], James Economy, Wei-
hua Zheng, and I recognized an opportunity to attempt to commercialize
the IXFC technology. Our company, Serionix, has been awarded a Phase I
Small Business Innovation Research (SBIR) grant from the National Science
Foundation to prove the feasibility of and eventually scale up the technology
to the commercial level.
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CHAPTER 2
RAPID AND SELECTIVE REMOVAL OF
PERCHLORATE FROM WATER USING
ION-EXCHANGE RESIN/GLASS FIBER
COMPOSITES
2.1 Introduction
2.1.1 Perchlorate Problem
Point-of-use (POU) treatment options including pitcher-type and faucet-
mounted filters are desirable for those who do not have access to munici-
pal water, or for small municipalities considering alternatives to centralized
treatment [2]. However, these applications require high specific flow rates
and existing technologies are inadequate for such use. Development of a fil-
tration media displaying rapid and selective removal of ClO–4 would enable
an excellent new option for POU water treatment.
While several technologies have been developed for ClO–4 removal from
water, including activated carbon [3,4], bioremediation [5], and catalytic de-
struction [6–8], ion-exchange has emerged as the most economically viable
and easily implemented option [9–13]. Though conventional ion-exchange
technologies are pervasive, they are also flawed by problems such as slow
exchange kinetics and poor selectivity for ClO–4 [12,14]. The former problem
leads to undesirable levels of ClO–4 in column eﬄuent at high specific flow
rates while the latter leads to low effective capacity for ClO–4 since it is typi-
cally present in much smaller concentrations than competing anions such as
sulfate (SO2–4 ), chloride (Cl
–), bicarbonate (HCO–3), and nitrate (NO
–
3) [12].
Previous research has shown ion-exchange resins with large, hydrophobic
exchange sites, such as quaternary ammonium salts derived from tributy-
lamine or trihexylamine, to have exceptionally high selectivity for ClO–4 and
pertechnetate (TcO–4) [10–12]. The high selectivity of these materials is at-
tributed to a strong affinity between hydrophobic matrices and ions with large
3
Table 2.1: Thermochemical radii and free energy of hydration (∆G) for
various anions [15].
Anion Thermochemical radius (nm) ∆GH (kJ mol
−1)
ClO–4 0.240 -205
TcO–4 0.252 (est.) -251
NO–3 0.196 -300
HCO–3 0.156 -335
Cl– 0.172 -340
SO2–4 0.230 -1295
ionic or thermochemical radii and low free energies of hydration (∆GH) rel-
ative to other common anions, as shown in Table 2.1 [15]. Thermochemical
radii and ∆GH are both determined from lattice energies [15].
Increasing resin hydrophobicity leads to a substantial reduction of intra-
particle diffusion kinetics and slow equilibration [12]. Introducing bifunc-
tionality into resins by incorporating two different types of quaternary am-
monium exchange sites–one hydrophobic, one hydrophilic–enables improved
kinetics without a substantial drop in selectivity [11,12,16]. Such technology
is employed in Purolite A-530E and A-532E beads [17]. As will be shown,
however, even these improved materials may have inappropriately slow ex-
change kinetics for POU removal of ClO–4 from water, where high specific
flow rates are necessary because of relatively high throughput couple with
small filter size.
2.2 Motivation for Fibrous Ion-Exchange Materials
As shown in Figure 2.1, exchange of ions in a resin typically consists of two
or three steps: 1) so-called film diffusion or transfer through the stagnant
film boundary layer around the resin; 2) intraparticle diffusion from the edge
of the resin to the fixed exchange site; and 3) chemical exchange or reaction
with the fixed site [18]. Chemical exchange is typically only relevant in chem-
ically specific exchangers such as chelating resins. Therefore mass transfer
kinetics are nearly always limited by diffusion through the stagnant film or
the particle itself [19, 20]. Whichever of the two regimes are rate limiting,
smaller particle sizes are desirable for improving mass transfer kinetics in
ion-exchange materials: shorter mass transfer distance and higher effective
surface area to mass ratio lead to faster kinetics in both intraparticle and
4
Figure 2.1: Overview of ion-exchange process showing three distinct steps:
1) film diffusion through the adjacent stagnant boundary layer; 2)
intraparticle diffusion; and 3) chemical exchange at the fixed exchange site
in the resin.
boundary layer mass transfer limited regimes, respectively [18–20].
However, smaller particle sizes have the undesirable effect of increasing
pressure drop (∆P ) and complicated containment [21]. Under laminar flow
conditions ∆P varies as the inverse square of particle size as described by
the Blake-Kozeny equation [21]
∆P
L
=
150vsµ
d 2eq
(1− Φ)2
Φ3
(2.1)
where L is the bed length (m), deq is the equivalent spherical diameter (m)
of the packing, vs is the superficial liquid velocity (m s
−1), µ is the dynamic
viscosity of the fluid (centipoise, cP), and Φ is bed porosity [21]. Equa-
tion (2.1) also shows the strong dependence of ∆P on Φ. This dependence
suggests ∆P may be reduced by utilizing a bed with higher Φ. Of course,
there is only a limited allowable range of Φ, from 0.3-0.4, for packed beds
of spherical or granular media. In the case of fibers, however, Φ may be in
the range of 0.8–0.95 or higher depending on the design of the media [21,22].
Fibrous adsorbents and ion-exchange media therefore afford the possibility of
increasing mass transfer kinetics by reducing particle size, while maintaining
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modest ∆P [22]
Xiong et al. [23] and Lin and Sengupta [14] previously described the use
of ion-exchange fibers for removal of ClO–4 from water, highlighting the rapid
kinetics and efficient regeneration they afford. The materials used in each
study were based on the traditional trimethylamine (TMA)-based quater-
nary ammonium anion exchange functionality, which is known to suffer from
interference due to background ions [10–12]. Ion-exchange fibers containing
ion exchange sites based on larger, more hydrophobic quaternary ammonium
sites may provide an alternative for selective removal of ClO–4, allowing rapid
exchange kinetics in combination with high selectivity. There exists in the
literature no indication of a material or method for rapid, highly selective
removal of ClO–4 from water.
Objectives of the present study were threefold: first, to systematically
modify anion-exchange resin composition by reacting with a selected array
of tertiary amines; second, to elucidate resin composition-performance rela-
tionships in ion-exchange fiber composite (IXFC) systems as they pertain to
exchange kinetics and selectivity for ClO–4; third, to compare performance of
pre-screened IXFCs and beads with regards to their potential for removal of
ClO–4 from simulated drinking water, and for efficient brine regeneration and
reuse.
2.3 Experimental Section
2.3.1 Materials
Sodium perchlorate monohydrate (NaClO4•H2O), sodium hydroxide
(NaOH), 1,4-diazabicyclo[2.2.2]octane (DABCO), trimethylamine (TMA),
tripropylamine (TPrA), tributylamine (TBA), trihexylamine (THxA),
N,N-dicyclohexylmethylamine (DCMA), 1-ethylpiperidine (ETP), hex-
adecyldimethylamine (HDMA), pyridine, triethanolamine (TEOA), and
poly(vinylbenzyl chloride) (PVBCl) were all purchased from Sigma-Aldrich
(St. Louis, MO). Ethanol was purchased from Decon Lab, Inc. (King of
Prussia, PA). Hydrochloric acid 37% (HCl), sodium bicarbonate (NaHCO3),
sodium chloride (NaCl), sodium nitrate (NaNO3), sodium sulfate (NaSO4),
dimethylformamide (DMF), and triethylamine (TEA) were purchased from
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Fischer Scientific (Pittsburgh, PA). Gel-type (A-532E) ClO–4-selective ion-
exchange beads were obtained from Purolite (Bala Cynwyd, PA). All chemi-
cals were reagent grade or better, and were used as–received without further
purification.
2.3.2 IXFC Synthesis
As shown in Figure 2.2, IXFCs were prepared via a synthetic method based
on chemical crosslinking of linear poly(vinylbenzyl chloride) PVBCl by nu-
cleophilic substitution at the benzylic carbon using the small bicyclic amine
1,4-diazabicyclo[2.2.2]octane (DABCO) [24, 25]. After drop-casting a solu-
tion of PVBCl and DABCO in acetone onto a nonwoven glass fiber mat with
fiber diameter of 6.5 µm and mat thickness of 230 µm (Craneglas 230; Crane
Nonwovens, Dalton, MA), a 72-hr cure at 110 ◦C in air was employed to
achieve a stable, cross linked composite as shown in Figure 2.2. DABCO was
present at 4% molar ratio relative to the vinylbenzyl chloride mer unit.
These composites were then treated with a tertiary amine to confer anion-
exchange functionality according to the conditions in Table 2.2. A typical
procedure follows: approximately 1 g of PVBCl/DABCO-coated precursor
was placed in a solution containing an amine at a minimum of 7.5× molar
excess relative to vinylbenzyl chloride mer units, and reacted at either am-
bient temperature (i.e., approximately 20 ◦C) or reflux (i.e., approximately
100 ◦C). Duration varied according to the time necessary to approach max-
imum anion exchange capacity. After reaction all IXFCs were rinsed with
a combination of deionized (DI) water, 0.1 M HCl, 0.1 M NaOH, dioxane,
ethanol, and 2-propanol as appropriate, completing the rinse cycle with ex-
tensive rinsing with DI water. Amines employed in this study include con-
ventional linear symmetric alkyl amines TMA, TEA, TPrA, TBA, THxA,
and the asymmetric or otherwise unconventional DCMA, ETP, HDMA, Pyr,
and TEOA. Chemical structures for selected amines are shown in Figure 2.3.
A SEM micrograph of an example IXFC (TBA-modified) is shown in Fig-
ure 2.4. As described previously by Dominguez [26–28], the resin coats the
fibers in two distinct modes: 1) a film or sheath forms around individual
fibers; 2) larger amounts of resin agglomerate at the junctions of two or more
fibers. The average mass transfer distance within the coating is thus ex-
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Figure 2.2: Synthesis scheme for PVBTC ion-exchange fiber composites.
*-Triethylamine is shown in this example.
Table 2.2: Summary of IXFC reaction conditions.
Sample Amine∗ (%) DIW (%) Dioxane (%) Temp (◦C) Time (min)
TMA 25 75 0 20 140
TEA 32 3 65 100 300
TPrA 24 3 73 100 480
TBA 16 3 81 100 1240
THxA 8 8 84 100 2970
DCMA 24 3 73 100 1080
ETP 16 3 81 100 150
HDMA 24 3 73 100 75
Pyridine 100 0 0 100 40
TEOA 24 3 73 100 380
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Figure 2.3: Chemical structures of asymmetric amines 1-ethylpiperidine
(ETP), hexadecyldimethylamine (HDMA), triethanolamine (TEOA), and
N,N-dicyclohexylmethylamine (DCMA).
pected to be bimodal, with the sheath-form of resin consisting of distances
ranging from several hundreds of nanometers to 1-2 µm, while the larger
resin agglomerates have longer distances on the order of 10 µm.
2.3.3 Capacity Determination
Anion-exchange capacity (Q) was determined on a dry-weight basis using
a Cl– ion-selective electrode (ISE). Samples were dried at 110 ◦C in air for
approximately 10 minutes or until constant weight was achieved. They were
then placed in a solution of 0.5 M NaNO3 with agitation for 30 minutes to
displace Cl– ions [18]. Concentration of Cl– was determined using a Cl– ISE
(Cole-Parmer, Vernon Hills, IL) and Q was calculated according to Equa-
tion (2.2):
Q =
C × V
m
(2.2)
Where Q is the exchange capacity in milliequivalents (meq) g−1, C is the Cl–
concentration in mM, V is the solution volume in L, and m is the sample
mass in g.
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Figure 2.4: Scanning electron micrograph of a TBA-IXFC. Diameter of the
uncoated glass fibers is 6.5 µm.
2.3.4 Batch Exchange Experiments
Batch exchange experiments were performed in order to elucidate resin
chemistry-performance relationships in these IXFCs. Approximately 100 mg
of IXFC was accurately weighed and placed in 100 mL of an aqueous solution
containing the sodium salts of ClO–4 and background anions including SO
2–
4
(4 mM), HCO–3 (4 mM), and Cl
– (10 mM). Initial ClO–4 concentration was 0.3
mM (30 ppm), 0.6 mM (60 ppm), or 1.2 mM (120 ppm). Sample solutions
were stirred and the concentration of ClO–4 was measured in situ using a ClO
–
4
ISE (Cole-Parmer). The limit of quantitation (LOQ) of the ISE is estimated
at approximately 1 µM or 100 ppb under these conditions.
Nearly every data set was found to fit a rational equation of the form
C/C0 = Ce/C0 − 1− Ce/C0
1 + t/τ
(2.3)
where Ce is the equilibrium concentration of ClO
–
4 and τ is the half-time of
exchange obtained through least-squares regression analysis. For data sets
giving an R2 less than 0.98, τ was obtained through linear interpolation and
Ce was calculated from the average of the last four data points. We report τ
as a convenient metric describing the overall kinetics of exchange. A typical
plot of the data and fit for concentration against time is shown in Figure 2.5.
The form of Equation (2.3) does not correspond to any simple models of
10
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Figure 2.5: Typical plot of aqueous ClO–4 concentration vs. time during
batch exchange showing data and fit according to Equation (2.3). Data is
for the TBA-IXFC at C0 = 0.3 mM. Background solution contains 4 mM
Na2SO4, 4 mM NaHCO3, and 10 mM NaCl.
Fickian diffusion [20,29]. However, rearrangement and substitution of terms
reveals Equation (2.3) is equivalent to the pseudo second order chemisorption
model developed to model uptake of organic dyes onto wood and peat [30,31].
The model is derived from the differential equation
dq
dt
= k (qe − qt)2 (2.4)
where qe and qt are the amounts (mg g
−1) of ClO–4 sorbed into the material
at equilibrium and time t, and k is the equilibrium rate coefficient of pseudo-
second order sorption (g mg−1 s−1). Integrating Equation (2.4) from t = 0
to t = t and qt = 0 to qt = qt yields
1
(qe − qt) =
1
qe
+ kt (2.5)
which, upon rearrangement, gives the linear form of the pseudo second order
chemisorption equation
t
qt
=
1
kq2e
+
1
qe
t (2.6)
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Figure 2.6: Plot of mass uptake of ClO–4 divided by time (qt / t) against
time for the TBA-IXFC at various initial ClO–4 concentrations. Data are fit
according to the pseudo second order chemisorption model [30] originally
developed to describe chemisorption on wood and peat.
where h ≡ kq2e is the initial uptake rate (mg g−1 s−1). Plots of the data and
fit according to Equation (2.6) and Equation (2.6) for the TBA-IXFCs at all
three initial ClO–4 concentrations are shown in Figure 2.6. Lastly, qe and Ce
can be used to calculate a distribution coefficient
Kd =
qe
Ce
(2.7)
where Kd is commonly reported [11,12] in units of mL g
−1. The distribution
coefficient is sensitive to variables such as concentration of competing ions
or the total ClO–4 loading of a material, but generally serves as a useful
metric of the effectiveness of a material to remove a specific contaminant
under a prescribed conditions. In the present study the high background
concentration of competing anions will depress Kd values overall, but provide
greater discrimination of effective ClO–4 uptake among the IXFCs.
2.3.5 Dynamic Flow-Through Tests
Column flow-through tests were designed to evaluate dynamic removal per-
formance using an influent composition of 0.1 mM ClO–4 and a background
12
Figure 2.7: Millipore Swinnex filter holders used for mini-column tests.
Several layers of an IXFC were place in each holder, then the holder was
screwed shut before testing commenced.
ionic strength 10 times smaller than the isotherm experiments to assess the
potential for POU removal of ClO–4 from a realistic drinking water source.
The lower concentration was selected to give optimum discrimination in re-
moval profiles. Mini-columns with approximate BV of 0.33 mL were pre-
pared in a stacked disk format (20 disks; 13-mm diameter × 2.5-mm length)
enclosed in a Swinnex filter housing (Millipore; Billerica, MA) for IXFCs.
The mini-columns are shown in Figure 2.7. A Masterflex peristaltic pump
(Cole-Parmer) was used with an in-line open air reservoir to reduce pulsing to
deliver 5 mL/min or a specific flow rate of 15 BV/min influent–corresponding
to an empty bed contact time (EBCT) of 4 s–to each column. Eﬄuent ClO–4
concentration was measured using an ISE. A Dionex ICS-3000 ion chromato-
graph with a suppressed anion conductivity detector was employed for low-
level (less than 1 µM) ClO–4 determinations (Dionex IonPac AS16 Column,
65 mM KOH eluent, 1.2 mL min−1 flow rate, 1100-µL sample injection loop).
The detection limit of the IC is estimated at 0.04 µM.
Additional performance screening tests were performed using a larger col-
umn BV of 0.9 mL (8.5-mm diameter × 16-mm length) in a polypropylene
column, lower perchlorate concentration (7 µM), and higher background ion
concentration consistent with the batch exchange experiments. Perchlorate
concentrations were measured in the same manner as in the mini-column
tests.
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2.4 Results and Discussion
2.4.1 Anion-Exchange Capacity
Dry weight Q and fraction of theoretical yield (Ψ) for each of the materials
used in this study are plotted in Figure 2.8 against molar mass (M) of each
corresponding tertiary amine precursor. DABCO-based ion-exchange sites
are expected to contribute a maximum of 0.17 meq g−1 towards the over-
all capacity of each IXFC based on the amount included in the unmodified
coating. Values of Q range from 0.64–1.8 meq g−1 for the THA- and Pyr-
modified IXFCs; note materials modified with lower molecular weight amines
generally exhibit higher Q and Ψ. These trends are consistent with the ex-
pectation that bulky and sterically hindered compounds will ultimately react
with PVBCl to a lesser extent, and are also consistent with earlier literature
reports [11,32]. Additionally, IXFCs based on higher molecular weight mod-
ifiers will necessarily exhibit lower capacity on a per weight basis even at
complete conversion, simply due to their greater mass on a per unit basis.
Notably, HDMA-IXFCs exhibit much higher Q and Ψ than the THxA-IXFCs
despite identical molecular weight. Reduced steric hindrance at the nitrogen
in HDMA is likely responsible for its greater reactivity and higher extent of
conversion. It is surprising that HDMA-IXFCs exhibit Ψ comparable to or
greater than TMA-, TEA-, and ETP-IXFCs because the bulky hexadecyl
chain might be expected to interfere with the reaction. In the case of the
DCMA-IXFCs, having just one small methyl group is apparently insufficient
to improve the reactivity of the amine—however whereas the HDMA has
one very long chain it is branched, while DCMA has two large, branched
cyclohexyl groups that can interfere with the reaction. Pyridine reacts with
PVBCl to near completion.
2.4.2 Selectivity
Equilibrium mass loading of ClO–4 (q) and residual concentration in solution
from the batch exchange tests are shown in Figure 2.9. Results for the IXFCs
derived from symmetric linear tertiary amine, shown in Figure 2.9a, indicate
the expected increase in q at higher concentrations of ClO–4. For relatively
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Figure 2.8: Dry weight anion-exchange capacity (Q) and fraction of
theoretical yield (Ψ) plotted against the molar mass of the constitutive
tertiary amine (M).
non-selective exchange, as in the hydrophilic TMA- and TEA-IXFCs, the
sorption takes place roughly in proportion to the external solution concen-
tration, as can be seen by the slope approximately equal to 1. Progressively
shallower slopes for the TPrA-, TBA-, and THxA-IXFCs indicate increas-
ingly higher selectivity towards ClO–4. Essentially, these materials have higher
affinity for ClO–4 than the TMA- and TEA-IXFCs, and so maintain high q
even as the residual concentration of ClO–4 is lowered.
Among the asymmetric amines, materials modified with ETP, Pyr, and
TEOA all exhibit relatively non-selective behavior. The DCMA-IXFC dis-
plays higher selectivity than those materials, but is limited by absolute ca-
pacity. HDMA-modified IXFCs display exceptionally high q relative to all
of the other materials shown in Figure 2.9, especially at moderate residual
ClO–4 concentrations.
In order to determine the selectivity of each of the materials, the batch
exchange data were fit to the Freundlich equation
q = Kf C
1 / nf (2.8)
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Figure 2.9: Plot of mass uptake of ClO–4 (q) against residual ClO
–
4
concentration for IXFCs modified with: a) symmetric amines TMA, TEA,
TPrA, TBA, and THxA; and b) asymmetric amines 1-ethylpiperidine
(ETP), hexadecyldimethylamine (HDMA), triethanolamine (TEOA), and
N,N-dicyclohexylmethylamine (DCMA). Background solution contains 4
mM Na2SO4, 4 mM NaHCO3, and 10 mM NaCl.
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Figure 2.10: Freundlich affinity parameter (nf ) for ClO
–
4 uptake plotted
against log KOW , the octanol-water partition coefficient for analogous
benzyltrialkylammonium chloride salts. Higher nf corresponds to greater
selectivity for ClO–4 relative to background ions (i.e., 4 mM Na2SO4, 4 mM
NaHCO3, and 10 mM NaCl).
where Kf and nf are the Freundlich capacity and affinity parameter. The
Freundlich isotherm is widely used for characterizing uptake of chemicals
in adsorptive and ion-exchange materials [19]. It is not an ideal model
for ion-exchange since ion-exchange is an inherently stoichiometric process.
However, despite this limitation the Freundlich isotherm has been applied
extensively as a useful semi-quantitative measure of ion-exchange perfor-
mance [19,23].
The affinity parameter nf is a useful metric for comparing the relative selec-
tivity of various materials for ClO–4 [23]. Figure 2.10 shows nf for each IXFC
plotted against the octanol-water partition coefficient of the analogous ben-
zyltrialkylammonium chloride salt (KOW ) calculated using an atom/fragment
contribution model [33]. More hydrophilic materials (i.e., negative KOW )
each exhibit nf of approximately 1, implying uptake of perchlorate is pro-
portional to the external concentration where Kf is the proportionality con-
stant.
More hydrophobic materials, especially those modified with TBA and
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THxA, show pronounced retention of ClO–4 at low residual concentrations
in Figure 2.9a. As such, they exhibit the highest nf values. DCMA, TPrA,
and HDMA also exhibit nf greater than 3; therefore each of the hydrophobic
materials with positive KOW exhibit substantially higher selectivity than the
hydrophilic materials. Equilibrium performance of the HDMA-IXFC stands
in slight contrast to a published report of the efficacy of a dodecyldimethy-
lamine (DDMA)-based ion-exchange material for selective removal of TcO–4
from water [11]. Improved removal in this case may be a result of both
the longer C16 chain relative to C12 in DDMA as well as the particular
experimental conditions employed in the study (e.g., lower background ion
concentration).
2.4.3 Exchange Kinetics
Average half times of exchange (τ) for each IXFC are shown in Figure 2.11,
plotted against log KOW . Lower values of τ correspond to faster kinetics,
and thus the composites exhibiting the fastest and slowest exchange kinetics
are TMA (τ = 27 s) and THxA (τ = 200 s). Exchange kinetics are generally
slower as the hydrophobicity of the IXFC coating increases, consistent with
previous reports [10–12] involving ClO–4-selective ion-exchange beads.
Differences in exchange kinetics are almost certainly due to differences
in the rates of intraparticle diffusion. Two factors could be responsible for
the observed decrease in kinetics: 1) increased steric resistance to diffusion
within the resin due to bulkier side chains on the quaternary ammonium
fixed cations; and 2) lower water content and thus reduced free volume in the
resin [19,20]. Comparing τ for TEOA- and TPrA-IXFCs–both of which have
similar steric bulk–reveals the strong likelihood that hydrophilicity and water
content play a much larger role than steric resistance in dictating exchange
kinetics. In fact, the TEOA-IXFCs display faster exchange kinetics than
TEA, ETP, and Pyr-IXFCs despite having larger steric bulk.
The ETP-IXFCs exhibit slightly faster exchange kinetics than the TEA-
IXFCs, although the differences are likely within range of experimental error.
If the difference is real, the increase in exchange kinetics may be due to the
restricted nature of the ring in ETP reducing the tendency of the hydrocarbon
chains to obstruct diffusing ions.
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Figure 2.11: Half times of exchange (τ) for ClO–4 uptake plotted against log
KOW , the octanol-water partition coefficient for analogous
benzyltrialkylammonium chloride salts. Smaller values of τ correspond to
faster uptake kinetics.
HDMA-IXFCs display roughly an order of two improvement in exchange
kinetics relative to the THxA-IXFCs despite identical molecular weight and
total steric bulk. This difference in kinetics may be due to greater exchange
site density (as evidenced by values of Q) in the HDMA-IXFCs; reduced
distance between site-to-site “hops” should increase diffusion kinetics. Ad-
ditionally, in the same way asymmetry at the nitrogen in HDMA increased
reactivity towards PVBCl, asymmetry may also allow for an increase in local
ion mobility about the exchange sites.
Our recent report [25] of water absorption in poly(benzyltrialkylammonium
chloride) matrices describes how water content is greater in the more hy-
drophilic resins. Exchange half times are plotted against the maximum mass
fractional water uptake (φmax) of each resin as shown in Figure 2.12. Al-
though TMA, TEA, TPrA, and TBA were the only amine modifiers inves-
tigated, it is clear among these four materials that greater water content
corresponds to a reduction in τ .
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Figure 2.12: Half times of exchange (τ) for ClO–4 uptake plotted against the
mass fractional water uptake (φmax) measured for comparable resin thin
films under nitrogen saturated with water vapor [25]. Smaller values of τ
correspond to faster uptake kinetics.
2.4.4 Dynamic Flow-Through Tests
In light of the results for the batch exchange experiments, the most promis-
ing IXFCs were chosen for evaluation of their column removal performance.
Selection of IXFCs was based on a comparison of τ and Kd (at ClO
–
4 C0
= 30 ppm) for each of the materials. As shown in Figure 2.13, the ETP,
HDMA, TPrA, TBA-IXFCs each display high Kd values and moderate τ–as
indicated by their position to the top and left side of the plot. In the se-
lection process, TMA, Pyr, TEA and TEOA were eliminated on the basis
of their lower selectivity, and DCMA was eliminated on the basis of its slow
exchange kinetics. In spite of a high τ , THxA was included because of its
exceptionally high Kd.
Results of the mini-column screening tests are shown in Figure 2.14. Each
of the IXFCs except ETP were capable of reducing ClO–4 eﬄuent concentra-
tions to below 1 µM or a C /C0 of 0.01 for some duration. The initial dips in
eﬄuent concentration are likely an artifact of the experimental design, with a
partially pre-filled reservoir providing a higher initial flow rate than expected
until the head pressure equilibrated. Each of the IXFCs also displayed a
sharp breakthrough at approximately 200–300 BV, with the HDMA-IXFC
exhibiting the lowest minimum eﬄuent concentration at 0.15 µM. This result
is likely related to the unique combination of high selectivity and moderate
kinetics in this material.
As shown in Figure 2.14b, the bead samples removed ClO–4 down to con-
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Figure 2.13: ClO–4 distribution coefficient (Kd) plotted against the half time
of exchange (τ) for each IXFC studied at an initial ClO–4 concentration of
0.3 mM.
centrations of C /C0 = 0.03 and 0.1 for A-532E and A-530E, respectively.
The bead samples are likely rate limited by diffusion through the resin across
their much larger mass transfer distances (0.3-1 mm vs. 1-10 µm for fibers).
Indeed, the A-530E and A-532E have similar chemical makeup [34], and while
the A-530E sample is expected to have faster kinetics due its macroporous
structure–whereas A-532E is gel-type or microporous–it also has a larger
average particle size and less uniform size distribution [34].
On the basis of their performance in screening tests, the HDMA-IXFC and
A-532E beads were selected for further evaluation using larger columns with
identical dimensions in order to provide an accurate comparison of perfor-
mance. Larger diameter (8.5 mm) columns were also necessary to maintain
a sufficiently high ratio relative to the media dimensions (600-µm diameter
for A-532E beads) to eliminate wall effects on mass transfer. Reports in the
literature indicate this ratio (column diameter / particle diameter = 14) is
sufficient to minimize wall effects [35–37].
Higher background concentrations were employed to provide more aggres-
sive conditions and prevent excessively long run times. Results of the test
are shown in Figure 2.15. HDMA-IXFCs removed ClO–4 to below the limit of
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Figure 2.14: Breakthrough of ClO–4 on the (a) IXFCs and (b) beads in a
flow-through experiment. Bed volume = 0.33 mL, empty bed contact time
= 4 s, superficial linear velocity = 0.6 mm s−1, C0 = 0.1 mM ClO
–
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background solution contains 0.4 mM Na2SO4, 0.4 mM NaHCO3, and 1.0
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detection of the IC (approximately 0.04 µM or C /C0 = 0.006) until a break-
through at approximately 2500 BV. Conversely, the A-532E beads displayed
a minimum eﬄuent ClO–4 concentration of C /C0 = 0.03 increasing to 0.1
over 2500 BV before breaking through to 0.2. A flow interruption was delib-
erately performed by stopping flow overnight after passing 6000 BV through
each column. After resuming flow, the bead column displayed a greater rel-
ative drop in eﬄuent concentration (shown in Figure 2.15b) as compared
to the fiber column. Such behavior indicates the bead sample is limited by
intraparticle mass transfer to a greater extent than the IXFCs [12]. Such
rapid mass transfer kinetics are unprecedented in the literature [12, 37] for
ClO–4-selective resins.
While the EPA has yet to enact a specific regulatory limit for ClO–4, the
National Sanitation Foundation has instituted a water treatment unit vali-
dation criteria dictating removal from 130 ppb to below 4 ppb (i.e., 1.3 µM
to below 0.04 µM) in the presence of background ions [38]. This certifica-
tion is currently only available for reverse-osmosis units. At the anticipated
high specific flow rates ( 10BVmin−1) required for a household POU filter,
ClO–4-removal results reported herein indicate that despite their higher abso-
lute capacity even the best performing commercially available ion-exchange
beads (i.e., A-532E) may be unsuitable for this application due to slower
exchange kinetics–unless they are used in large volumes at low specific flow
rates. Contrary to the ion-exchange beads, fiber-based systems, such as the
HDMA-IXFC reported in the present study, may be an excellent option for
reliably removing ClO–4 to safe levels due to their exceptional exchange ki-
netics. The relatively low capacity of the IXFCs as evidenced by an early
breakthrough is not a concern due to the short recommended lifetimes of
most household water filters.
2.4.5 Regeneration
High selectivity for ClO–4 is not ideal in applications requiring regeneration
and reuse of the resin because it necessitates the use of a large excess of
brine, if regeneration is possible at all. Ion-exchange materials with small
feature sizes and short mass transfer distances are generally capable of being
regenerated much more efficiently [14, 19]. TMA-IXFCs were tested to eval-
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Figure 2.15: (a) Breakthrough of ClO–4 on the HDMA-IXFC and A-532E
beads in long column flow-through experiment; (b) Breakthrough following
a 12-h flow interruption. Bed volume = 0.9 mL, empty bed contact time =
4 s, superficial linear velocity = 4.2 mm s−1, C0 = 7 µM ClO
–
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solution contains 4 mM Na2SO4, 4 mM NaHCO3, and 10 mM NaCl.
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uate their potential for efficient regeneration to the Cl– form after saturation
with ClO–4, since they were shown to have lower selectivity for ClO
–
4. Column
filters identical to those used in the extended breakthrough tests were pre-
pared, with TMA-IXFCs used in place of HDMA-IXFCs. Slower flow rates
(i.e., 1.5 mL min−1) were employed during saturation and regeneration, and
the eﬄuent concentration of ClO–4 was measured using an ISE.
Breakthrough curves for two consecutive runs are shown in Figure 2.16.
Influent concentration for each run was 4 mM ClO–4. In run 1, a flow inter-
ruption was performed after 85 bed volumes of solution were passed through
the column before flow resumed. The drop in eﬄuent concentration after the
flow interruption indicates intraparticle mass transfer kinetics are at least
partially limiting the performance of the IXFCs. Even though the flow rate
is slower than in the breakthrough test shown in Figure 2.15, mass transfer
kinetics are limiting in the TMA-IXFC test because the ClO–4 concentration is
nearly 600 times greater. In run 2–after the material had been regenerated–
the eﬄuent concentration follows run 1 closely through 70 bed volumes, but
proceeds to completely break through. The shorter bed life in run 2 likely
indicates leakage through the column [19,20] rather than a drop in capacity,
since–as will be shown shortly–nearly all of the ClO–4 taken up in run 1 was
recovered.
Results from regeneration experiments performed following each ClO–4 break-
through experiment are shown in Figure 2.16b. In each case NaCl brine was
pumped through the ClO–4-loaded column at the same flow rate as during
loading. A co-flow configuration was used, meaning the direction of flow
through the column was the same for the uptake and regeneration experi-
ments. After run 1, 1 M NaCl was used as the regenerating solution, while a
0.1 M NaCl solution was used after run 2. Using 1 M NaCl as a regenerating
brine leads to a large initial spike in ClO–4 concentration within a couple of
bed volumes, followed by a tail dropping down to 5% of the peak near 15
bed volumes, and complete regeneration at 50 bed volumes. In total, 0.37
mmol ClO–4 was recovered, matching identically the amount of perchlorate
loaded onto the column in run 1. At complete conversion, 45 mmol Cl– were
required to displace the ClO–4, for a Cl
– / ClO–4 ratio of 120.
Using a 0.1 M NaCl brine also leads to a spike within the first couple of
bed volumes, which is followed by a shallower and longer tail dropping to
5% of the peak near 65 bed volumes, and complete regeneration at 75 bed
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Figure 2.16: (a) Breakthrough of ClO–4 in the TMA-IXFC column
flow-through experiment. There is a flow interruption in run 1 at
approximately 85 bed volumes. Bed volume = 0.9 mL, empty bed contact
time = 36 s, superficial linear velocity = 0.5 mm s−1, C0 = 4 mM ClO
–
4. (b)
Regeneration of TMA-IXFC filters loaded with perchlorate. 1 M NaCl used
as regeneration solution after run 1, 0.1 M NaCl used as regeneration
solution after run 2. Flow conditions identical to (a).
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volumes. Approximately 0.22 mmol ClO–4 was recovered upon regeneration
with 0.1 M NaCl matching well with the 0.21 mmol loaded in run 2. At
complete conversion, 7.5 mmol Cl– were required to displace the ClO–4, for a
Cl– / ClO–4 ratio of 34. Even though this still represents a reasonably large
excess brine requirement relative to a process such as water softening [18], it is
an improvement of more than two orders of magnitude relative to best report
in the literature [14] for complete conversion of a fibrous anion-exchange
resin–wherein 0.43 L of 1.7 M NaCl was required to recover 0.065 mmol of
ClO–4.
Treatment techniques such as bioremediation [5] and catalytic reduction
[6–8] may work well in tandem with a regenerating ion-exchange process [39,
40], wherein the ion-exchange unit operates to directly treat a process stream,
while the reduction process is used to convert ClO–4 to Cl
– in the regenerant
solution. The IXFC technology may represent a significant improvement
in system efficiency working in combination with either bioremediation or
catalytic reduction.
2.5 Conclusions
IXFCs have been shown to exhibit rapid uptake of perchlorate from water and
efficient regeneration using NaCl brine. Varying ion-exchange moieties leads
to a general–but not exclusive–trend of increased selectivity and decreased
exchange kinetics accompanying an increase in steric bulk of the exchange
site. Balancing selectivity, exchange kinetics, and capacity, the HDMA-IXFC
proved in screening tests to be a superior candidate for removing ClO–4 from
water. In a column test entailing aggressive conditions, this IXFC outper-
formed A-532E ion-exchange beads by removing perchlorate from levels as
high as 7 µM to below the detection limit of 0.04 µM, providing a potentially
effective solution to the issue of POU water purification. Additionally, the
less-selective TMA-IXFC was shown to exhibit simple, efficient, regeneration
using 0.1–1 M NaCl brine.
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deq equivalent spherical diameter (m) of the packing
h initial uptake rate (mg g−1 s−1)
∆GH free energy of hydration (kJ mol
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k equilibrium rate coefficient (g mg−1 s−1)
Kd distribution coefficient (mL g
−1)
Kf Freundlich capacity parameter
KOW octanol-water partition coefficient
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M molar mass (g mol−1)
nf Freundlich affinity parameter
q mass loading of perchlorate (mg g−1)
qe equilibrium mass loading of perchlorate (mg g
−1)
qt mass loading of perchlorate at time t (mg g
−1)
Q anion exchange capacity (meq g−1)
vs superficial liquid velocity (m s
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τ half-time of ion-exchange (s)
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CHAPTER 3
ABSORPTION OF WATER AND
MECHANICAL STRESS IN IMMOBILIZED
POLY(VINYLBENZYLTRIALKYLAMMONIUM
CHLORIDE) THIN FILMS
The majority of the material in this chapter is adapted
with permission from: Langer, J.L., Economy, J., Cahill,
D.G., “Absorption of Water and Mechanical Stress in Im-
mobilized Poly(vinylbenzyltrialkylammonium chloride)
Thin Films,” Macromolecules, vol. 45, no. 7, pp. 3205-
3212, 2012. Copyright 2012 American Chemical Society.
3.1 Introduction
Polyelectrolyte films are used for a wide array of applications ranging from
fuel cells [41–43] to electrodialysis membranes [44] to environmental sen-
sors [43, 45, 46]. In bulk form, polyelectrolytes have also long found use as
ion-exchange resins [19, 20]. Entrained water plays a major role in dictating
the physical and chemical properties of these materials [19, 20]. For exam-
ple, perchlorate selectivity and diffusion kinetics in anion exchange resins
are strongly correlated with the relative hydrophilicity of their constitutive
quaternary ammonium exchange sites [11, 12]. Water absorption may lead
to a reduction of the glass transition temperature (Tg) [47–49], which in turn
affects the dynamics of water diffusion and stress formation and relaxation.
Swelling forces due to water uptake and loss may be sufficient to cause delam-
ination [50,51] or cracking [52], while swelling gradients may lead to fracture
in bulk polyelectrolytes such as ion-exchange beads [19,20].
Many factors are known to affect the dry and swollen state properties of
polyelectrolytes, including charge density, composition of the chemical back-
bone and side chains including ionogenic sites, crosslinking, and the nature
of the counterions [19,20,53,54]. Understanding how polyelectrolytes of dif-
ferent composition interact with water is key to designing improved materials
29
and processes. Outside of work on hydrophobically modified alkali-soluble
emulsions (HASE), there is a dearth of information available regarding the
interaction of hydrophobic polycations with water [55–58].
In this study, polyelectrolyte films based on the quaternization of
poly(vinylbenzyl chloride) (PVBCl) precursors were used to quantify swelling
phenomena in hydrophobic polycations in response to changes in relative hu-
midity (RH). Cationic quaternary ammonium fixed ion sites were affixed
in the films by nucleophilic substitution with trimethylamine (TMA), tri-
ethylamine (TEA), tripropylamine (TPrA), and tributylamine (TBA). A
scanning-laser apparatus was employed for measurement of mechanical stress
in the films, while a quartz crystal microbalance (QCM) was used to measure
mass uptake and mechanical loss. Composition of the films (i.e., cationic fixed
ions and anionic counterions) was systematically varied, with each amine-
modified matrix being studied in chloride (Cl–) and perchlorate (ClO–4) coun-
terion forms. The TMA-modified film was also studied in fluoride (F–), iodide
(I–), and nitrate (NO–3) forms, and the unmodified PVBCl film was examined
as well.
We first present data for water uptake and mechanical stress for each of
the films in chloride form as a function of RH. We then summarize the key
findings regarding maximum stress, maximum water uptake, and the ratio
of water molecules and ionogenic sites for every film composition. Next, we
present the data as stress versus mass uptake in order to show the effect
of water uptake on the mechanical properties of the films. We report a
strong relationship between fixed ion and counterion composition and the
resulting swelling and mechanical properties of the films. Hysteresis in the
stress-moisture uptake curves is attributed to elasto-viscoplastic deformation.
Lastly, we describe the interaction of water and films in greater detail. The
specific volume of water in each film is determined from the ellipsometry
and mass uptake measurements. At low water uptake, the specific volume
of water (νw) is below its bulk value; at high water uptake νw increases
to 90% of the bulk value. Water plasticizes the films, reducing their yield
strengths and moduli as Tg approaches ambient temperature with higher
water content. Water uptake as low as 5% provides sufficient plasiticizing to
significantly reduce the film moduli and yield strength.
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3.2 Experimental Section
3.2.1 Quartz Crystal Microbalance Sample Preparation
Samples for measurements of water uptake were prepared by spin-coating.
QCM sensors were first cleaned with acetone and 2-propanol, and a solution
of PVBCl and diazabicyclo[2.2.2]octane (DABCO) in N,N-dimethylformamide
(DMF) was subsequently filtered through a 0.2-µm polytetrafluoroethylene
(PTFE) membrane and spin-coated (500 rpm s−1 ramp, 2000 rpm, 30 s)
onto the surface [24]. The samples were cured in a 110 ◦C oven in air for a
minimum of 48 hours. The resulting immobilized PVBCl gel coatings were
then reacted by nucleophilic substitution with tertiary amines, consisting of
TMA, TEA, TPrA, and TBA, under conditions described in Table 3.1 to
give poly(vinylbenzyltrialkylammonium chloride) (PVBTC) films. After re-
action, samples were rinsed using a combination of dioxane, ethanol, and
DIW. See Figure 3.1 for an overview of this synthetic process. Coatings
thus prepared possessed dry thicknesses (h0) of approximately 300-400 nm
as measured by spectroscopic ellipsometry (Woolam VASE). Confinement ef-
fects are negligible at thickness >150 nm [59–61], and therefore variations in
thickness are not expected to affect the physical properties of these films.
3.2.2 Powder Synthesis and Capacity Determination
Bulk PVBTC powders were prepared according to the same synthetic scheme
as the QCM samples, using crushed, cured PVBCl-DABCO as a precursor.
Inorganic chloride content of each material, as determined by potentiometric
titration with standard silver nitrate [18], is listed in Table 3.1. Additionally,
the estimated yields are based on conversion of chloromethyl to quaternary
ammonium groups. All four modifiers give roughly the same level of conver-
sion (i.e., roughly 40% of available vinylbenzyl chloride groups react to form
quaternary ammonium salts) under these conditions.
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Figure 3.1: Synthesis of PVBTC-coated QCMs and cover glass.
*-Triethylamine is shown in this example.
Table 3.1: Reaction conditions for quaternization of PVBCl films.
Amine Solvent Temp. Time Cl− % Conversion
(◦C) h (mmol g−1)
TMA DIW 20 3 2.7 43
TEA ethanol, DIW 20 20 2.2 34
TPrA dioxane, DIW 100 18 2.4 46
TBA dioxane, DIW 100 24 2.1 44
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3.2.3 Cantilever Preparation
We prepared cantilevers for measurements of stress induced by absorption
using a similar spin-coating procedure described for the QCMs. Microscope
cover glasses (Gold Seal #1, 150 µm thick) were coated with 20 nm Cr and
50 nm Au on one side by electron beam evaporation to give a reflective
surface. The cover glasses were then treated with a solution of H2SO4 and
an ammonium peroxydisulfate oxidizer (NoChromix) for 10 minutes, rinsed
with deionized water, air dried, and functionalized by treatment with a 2%
aminopropyltriethoxysilane (APTES) solution in MgSO4-dried toluene for
60 minutes. APTES-coated samples were rinsed with acetone, placed in a
sonication bath in acetone for 10 minutes, and cured in a 110 ◦C oven in
air for 2 hours. PVBCl and DABCO were spin-coated on the side opposite
of the reflective coating. After the quaternization reaction, cantilevers ap-
proximately 25 mm × 1.5 mm were then cut from the cover-glasses using a
diamond-tipped pen. Thus, these samples meet the limitation of Stoney’s
equation of length being much greater than width and width much greater
than thickness [62, 63].
3.2.4 Anion Metathesis
Cantilevers and QCMs were metathesized to and from the virgin chloride
form and other counterion forms by soaking in >0.5 M solutions of sodium
chloride, fluoride, iodide, nitrate, or perchlorate [18]. Naming convention for
all of the PVBTC films goes as “tertiary amine precursor” (“counterion”).
For example, the trimethylamine-modified film in chloride form is referred to
as TMA(Cl−).
3.2.5 Film Mass Measurements
As described previously [64,65], we used a 5 MHz QCM in combination with a
frequency (f) counter (Stanford Research Systems QCM100 or QCM200 and
BK Precision, respectively). Where the Sauerbrey equation is valid [59, 66],
a frequency shift of +1 Hz corresponds to a mass change of −18 ng cm−2,
or approximately 0.05% of the total film mass. Practically, f drifted on the
order of 5–8 Hz over the course of a 36-hour experiment. Drift is attributed
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to instability in the BK Precision timebase which is rated at ± 1 ppm ± 1
count.
3.2.6 Stress Measurements
Moisture uptake generates a compressive mechanical stress in the PVBTC
films; in conventional ion-exchange materials gradients in hygroscopic or
swelling stress (σH) are sufficient to cause resin fracture [20]. For an isotropic
film constrained to a flat, inert substrate, σH is given by Equation (3.1)
σH =
Yf
3(1− γf )
∆Vw
V0
(3.1)
where V0 is the dry volume of the film and ∆Vw is the change in volume due
to water uptake, and Yf and γf are the Young’s modulus and Poisson ratio
of the film, respectively [67–69]. Note Yf/(1-γf ) is the biaxial modulus of the
film and ∆Vw/3V0 is equivalent to strain () in the present geometry [68,69].
Mass fractional water uptake (φ) is defined in Equation (3.2)
φ =
∆mw
md
(3.2)
where ∆mw is change in film mass due to absorbed water and md is the
dry mass of the film. The specific volume of water νs = ∆Vw/∆mw, and
therefore substituting the dry film density (ρ), φ, and νs into Equation (3.1)
gives Equation (3.3).
σH =
Yfφνsρ
3(1− γf ) (3.3)
It is important to note neither Yf nor γf are constant during a given experi-
ment due to their dependence on φ: as φ increases, Yf is generally expected
to drop while γf should converge to 0.5 as the film approaches a rubbery
state.
Solvent casting is known to leave films in a state of tensile stress due to
deviation of the current state from the stress-free state the film would oth-
erwise adopt if not constrained to a substrate [69, 70]. Depending on the
Tg, annealing may reduce or eliminate the initial σH but introduces thermal
stress upon cooling due to mismatch in the coefficient of thermal expansion
between the film and substrate [69]. Considering the complicated stress his-
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tory in the PVBTC films, they may be in tension or compression in their dry
state. While we were unable to measure the absolute biaxial stress state of
these films because of uncertainty in the native curvature of the substrate,
changes in stress were determined by monitoring changes in curvature of thin
glass cantilevers.
Samples were mounted in a controlled-atmosphere cell using a PTFE clamp,
and the curvature of the cantilevers was measured using a scanning-laser op-
tical apparatus as shown in Figure 3.2. This apparatus is nearly identical
to one described previously [65], except that any signal due to initial curva-
ture in the cantilevers was nulled solely by adjusting the position of lens f ′.
Changes in glass-film interfacial stress, ∆g, are derived from the rms voltage
output ∆V from the lock-in amplifier using Equation (3.4)
∆g =
Ysd
2
6(1− γs)
√
2∆V
wFβ
(3.4)
where Ys, γs, and d are the Young’s modulus (75.9 GPa), Poisson ratio
(0.22), and thickness (150 µm)of the glass cantilever substrate, respectively,
β is the calibration constant of the PSD (2000 V m−1), F is the primary
lens focal length (m), and w is the laser scanning width on the cantilever.
This expression is derived by consolidating Stoney’s equation [64] and our
measurement of curvature and assumes: i) PVBTC film thickness (h) is much
less than d; and ii) the coating is in a uniform state of biaxial stress, as shear
stress is only important within a few film widths from the edges [62,69]. Stress
due to the glass-metal interface is assumed to be independent of changes in
RH. Therefore any changes in curvature are attributed solely to stress at the
glass-PVBTC film interface.
3.2.7 Film Thickness Determination
Interfacial stress is equivalent to the in-plane biaxial stress integrated over
h. We used profilometry (Sloan Dektak) and spectroscopic ellipsometry to
measure h for the cantilevers and QCM sensors, respectively, under ambient
conditions (40% RH). Since the ellipsometer was not attached to a RH-control
apparatus, dry film thickness h0 was measured using a cryostat sample holder
at 0% RH (pressure below 10−5 torr). Dividing ∆g by h gives ∆σt, the
change in true biaxial stress. Since we lack h data for all but dry and 40%
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Figure 3.2: Diagram of the experimental setup used for measuring changes
in biaxial stress in PVBTC films; stress is proportional to curvature, which
in turn is proportional to the voltage output of the position sensitive
detector (PSD) as monitored by a lock-in amplifier. Focal lengths of the
lenses are 150 mm (f”), 50 mm (f’), and 500 mm (F), respectively. The
cantilever at right is a cover glass coated with reflective Au/Cr on its left
side, and PVBTC on the right.
RH conditions, we report the change in engineering biaxial stress (∆σe) or
equivalently ∆g/h0. Tensile stress is defined as positive. In light of the
combined uncertainties of h, Ys, γs, d, and w, accuracy of ∆σe is estimated
at 10%.
3.2.8 Environmental Control
Relative humidity of the sample cells containing both QCM and cantilever
was controlled using three mass flow controllers in parallel delivering 2 L
min−1 of nitrogen. Liquid nitrogen boil-off was passed through a 2-L column
filled with desiccant prior to the flow controllers. One 0-2 L min−1 controller
flowed directly to the sample cell while two controllers (one 0-2 L min−1 and a
0-0.2 L min−1) flowed in parallel through water sparging columns to deliver
nearly water-saturated nitrogen to the cell. Since controller accuracy is a
percentage of full scale flow range, the controller with lower flow rate was used
to improve RH accuracy and precision at levels <10%. Ambient temperature
in the cell was measured with a thermistor. Dew point/frost point of the
sample cell eﬄuent was measured with a chilled-mirror hygrometer (CMH,
Edgetech DewMaster) at an accuracy of ±0.2 ◦C. RH was calculated from
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the actual and saturated vapor pressure of water. Dynamic range of the
CMH frost point was extended to −30 ◦C using an external thermoelectric
chiller. This lower limit corresponds to a partial pressure of water of 38 Pa or
approximately 1.5–2% RH at ambient laboratory temperature. A minimum
value of 0.43% RH was measured independently using a capacitive probe
(Picotech RH-02). While the RH of the dry nitrogen line is expected to
be lower yet, it is possible off-gassing from surfaces such as Tygon tubing
dictates the practical lower limit [71]. The dead volume of the cantilever
sample cell and associated tubing was approximately 0.4 L and the turnover
rate of the system was 5 min−1; the dead volume of the QCM flow cell in
series with the cantilever cell was <20 mL and thus the turnover rate of this
cell was >100 min−1.
Each experiment was performed by cycling RH in discrete steps from an
initial high state (RH >90%) down to low humidity and back up. The time
interval (ti) between changes in RH for the experiments was 60 minutes, with
a few exceptions. In the case of three of the samples with the lowest φmax
(i.e., unmodified, TPrA(ClO−4 ), and TBA(Cl
−)) the previously mentioned
QCM f drift of ± 5–8 Hz led to an error of 10–15% during the 36-hour
experiment. For each of these films data from shorter intervals (ti = 2–16
minutes) are reported in place of the 60-minute intervals.
3.3 Results and Discussion
3.3.1 Stress and Mass Uptake as a Function of Relative
Humidity
Absolute value of the change in biaxial stress (|∆σe|) and φ in PVBTC films
in chloride form, relative to the dry state, are shown in Figure 3.3; similarly,
|∆σe| and φ are plotted in Figure 3.4 for the TMA film in various anion
forms. The changes in stress are actually compressive. Each of the films
show a similar trend of increasing φ over the range of RH, but their response
differs widely in magnitude. Similarly, the films all display increasing |∆σe|
accompanying water uptake. Hysteresis observed in |∆σe| is much larger
than the hysteresis in the mass uptake (Figure 3.3), and is not entirely a
kinetic effect as will be shown later. More likely, hysteresis is a result of
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elasto-viscoplastic deformation upon dehydration and hydration [65, 69, 70].
Notably, elastic behavior is suggested in the unmodified film by its lack of
hysteresis in |∆σe|.
3.3.2 Maximum Stress and Mass Uptake
Figure 3.5a summarizes the effect of fixed ion composition on |∆σe|max and
φmax. Data are plotted against the log octanol-water partition coefficients
(log KOW ) for analogous benzyltrialkylammonium chloride salts. KOWWIN
[2] was used to calculate log KOW values based on an atom/fragment con-
tribution method [72]; the counterion is not considered in this calculation,
but the general trend for relative hydrophilicity of PVBTC films should be
reasonably accurate. Values for |∆σe|max range from 33 MPa for TBA(ClO−4 )
to 97 MPa for the TMA(Cl−). Water uptake ranges from φmax = 0.057 to
0.38 for the same materials, respectively. Despite having the same polymer
backbone, the most and least hydrophobic materials span nearly an order of
magnitude range in φmax. By comparison, the unmodified PVBCl film has
a |∆σe|max of 27 MPa and φmax of 0.018. The film consisting of the most
hydrophilic fixed ion and counterion (TMA(Cl−)) exhibits the highest φmax.
As will be discussed further, the films appear to yield upon hydration in the
range of φ = 0.05-0.1.
Systematic variations in the counterion form and their effect on |∆σe|max
and φmax are summarized in Figure 3.5b. ∆GH is the free energy of hydration
of each counterion derived from lattice energies [15]; ClO−4 (∆GH = -205 kJ
mol−1) and F− (∆GH = -465 kJ mol−1) are the least and most hydrophilic
counterions used in this study. Counterion form strongly affects the swelling
of the films, with φmax ranging from 0.12 to 0.52 for perchlorate and fluoride
forms, respectively. This trend is consistent with counterion hydrophilicity
as quantified by ∆GH . Maximum changes in stress range from a plateau
near 95 MPa for iodide, nitrate, and perchlorate forms to 113 MPa for the
fluoride form. Thus, this four-fold increase in φmax results in an increase
in |∆σe|max of only 20%. Three possible causes for this behavior include
variation in νs, counterion-induced changes in Tg [53], and incomplete drying
of the more hydrophilic films [73]. See Figure 3.5c and discussion below for
further description. This last possibility reemphasizes the general point that
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Figure 3.3: (a) Mass uptake (φ) (b) and absolute changes in biaxial stress
(|∆σe|) in PVBTC films in chloride form as a result of changes in relative
humidity (RH). Filled and open symbols represent increasing and
decreasing RH, respectively. Little hysteresis is observed in the mass uptake
data. However, hysteresis is evident in the stress changes for all of the
materials except the unmodified film. We attribute the hysteresis to
elasto-viscoplastic deformation [69,70].
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Figure 3.4: (a) Mass uptake (φ) (b) and absolute changes in biaxial stress
(|∆σe|) in TMA-modified PVBTC films in various anion forms as a result
of changes in relative humidity (RH). Filled and open symbols represent
increasing and decreasing RH, respectively. As also shown in Figure 3.3,
hysteresis is evident in the stress changes for all of the materials.
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Figure 3.5: Maximum water uptake (φmax) and absolute change in biaxial
stress (|∆σe|max) for PVBTC films: (a) each modified material in chloride
(•, ◦) and perchlorate (N, 4) form, where KOW is the estimated
octanol-water partition coefficient for the benzyltrialkylammonium chloride
salt derived from each tertiary amine precursor (*-refers to unmodified
PVBCl); and (b) TMA-modified material in various forms plotted against
∆GH , the free energy of hydration of the counterion derived from lattice
energies. Fixed ion and counterion species both influence swelling and
mechanical stress in PVBTC films.
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we are reporting changes in stress and water content since neither the absolute
zero of stress (σ0) nor md are known with certainty.
Maximum water uptake per fixed ion group (nw/nion) is shown in Fig-
ure 3.6. These data again reinforce the extent to which swelling is dictated
by the specific composition of both the fixed ions and counterions in PVBTC
matrices. The ratio in TMA(Cl−) of approximately nw/nion = 8 is lower than
a previous report of nw/nion = 11 for a TMA-based anion exchange resin in
chloride form [73]. Whereas the previous study involved absorption from
liquid water, our system does not reach 100% RH and is expected to have
lower nw/nion. In the case of films in the Cl
− form, nw/nion varies by a fac-
tor of four between the TBA- and TMA-modified films. Similarly, nw/nion
increases by roughly a factor of four between the perchlorate and fluoride
forms of a TMA-modifed film.
3.3.3 Relationship Between Stress and Mass Uptake
Data for |∆σe| plotted against φ in PVBTC films—both unmodified and
amine-modified—are shown in Figure 3.7a. The modified films each display
|∆σe| quite close together over the entire range of φ, while the unmodified
film exhibits roughly 50% greater stress for a given value of φ. Below φ =
0.05, |∆σe| is roughly linear in response to φ as would be expected from
Equation (3.3), but deviation is observed for each of the materials absorbing
higher levels of water. We attribute this deviation to the effects of reduction
in Yf and yield strength (σy) due to plasticizing by water. Polystyrene,
by comparison, does not yield but has an ultimate strength (σu) of 38–55
MPa [47] and elongation-to-failure at 1–2.5%. Since the unmodified film
exhibits |∆σe|max of only 27 MPa it is reasonable to expect elastic behavior.
The TMA- and TEA-modified films experience the greatest deviation from
linear response because they take up the most water. Figure 3.7b shows a
similar result for each of the materials in perchlorate form. In both chloride
and perchlorate form the TBA-modified film exhibits slightly lower |∆σe|
than the other films. TBA-modified films also exhibited the lowest values of
νs, as shown below, which may partly contribute to the lower |∆σe|.
Additionally, the line in Figure 3.7a refers to the expected response on
the basis of the following assumptions: i) νs = 1 cm
3 g−1, the bulk value;
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Figure 3.7: Absolute change in biaxial stress (|∆σe|) plotted against mass
uptake (φ) for PVBTC films: (a) each modified material in chloride form;
(b) each modified material in perchlorate form; (c) TMA-modified material
in various forms; (d) absolute change in true biaxial stress (|∆σt|) of the
TMA-modified film in fluoride form. The line in (a) refers to the response
expected for a specific volume of water νs = 1 cm
3 g−1 and Young’s
modulus = 5.0 GPa as calculated from the longitudinal speed of sound in
the unmodified film. Depressed νs and Tg both contribute to the
lower-than-expected response in each film. Yielding is observed in (a) φ =
0.05–0.1. In (c) there is a pronounced effect of the counterion on the
tendency to yield in this same range. |∆σt| is plotted in (d) in place of
|∆σe| on a linear scale in order to more clearly show the magnitude of stress
response to increasing and decreasing φ. Based on the stress history of the
films, the absolute zero of stress is not obvious, and may in fact be near the
plateau at |∆σt| = 60–65 MPa.
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ii) γf = 0.35, that of polystyrene [74]; iii) and Yf = 5.0 GPa, measured
acoustically. The elastic moduli of the unmodified film was calculated from
the longitudinal speed of sound (vl = 2.63 nm ps
−1) determined using pi-
cosecond acoustics [75]. The elastic constant C11 and Yf are given [76] by
Equation (3.5) and Equation (3.6)
C11 = ρfvl
2 (3.5)
Yf = C11
(1− 2γf )(1 + γf )
1− γf (3.6)
Again, assuming γf = 0.35, Yf is approximately equal to 0.62C11 or 5.0 GPa.
The deviation from the expected |∆σe| in the unmodified film is relatively
small, due in part to a depressed value of νs. According to Equation (3.1),
the |∆σe| and change in thickness measured from 0% to 40% RH give Yf
= 3.9 GPa for the unmodified film. This value is close to the reported Y
= 3.3–3.5 GPa for structurally related polystyrene [61, 74]. Our assumption
regarding γf may also contribute to the deviation because the calculation of
Yf from C11 depends strongly on γf (e.g., a 1% error in γf propogates into a
1.5% error in Yf ).
Counterions affect the stress response in TMA-modified PVBTC films,
as shown in Figure 3.7c. In particular, the films containing the two most
hydrophobic ions (i.e., I– and ClO–4) exhibit nearly 50% greater stress at
φ = 0.12 than the other forms. As mentioned previously, several factors
such as depressed νs, dependence of Tg on ionic form [53], and incomplete
dehydration—and thus uncertainty in md and φ = 0—may affect the films’
response to water uptake. Most likely, a combination of these factors is re-
sponsible. While the exact cause is unknown, it is clear that films containing
more hydrophic counterions show a different mechanical response to water
uptake.
3.3.4 True Stress
Absolute value of the change in the true biaxial stress (|∆σt|)—calculated
assuming νs = 1 cm
3 g−1—is plotted against φ on a linear scale for TMA(F−)
in Figure 3.7d. The change in true biaxial stress is lower than the engineering
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stress shown in Figure 3.7c due to the large change in film thickness. At low
φ the films sustain a greater amount of stress for a given change in φ. The
response is not strictly elastic, as even at this low φ stress relaxation is
observed similar to that shown in Figure 3.8b. Near φ = 0.1 the film appears
to yield, owing to a decline in σy. From φ = 0.15–0.3 the films continue
to deform elasto-viscoplastically, with the upturn in stress near φ = 0.35
consistent with stiffening seen in cross-linked materials at high extension [47].
For a linear plasticized polymer the stress would be expected to cease at a
sufficiently high φ, but we do not expect to observe complete relaxation in
PVBTC matrices as they are cross-linked.
Since the absolute zero of stress is unknown, our interpretation of the data
is sensitive to the assignment of σ0 = 0. For example, if the real zero of stress
is near |∆σt| = 60 MPa for TMA(F−): i) the plateau in that same region
would correspond to a low modulus instead of plastic deformation; and ii)
plastic deformation would be occurring during hydration and dehydration
at low φ. Future measurement of the absolute initial stress state—and thus
determination of the real zero of stress—would be helpful for interpreting the
data.
3.3.5 Stress Hysteresis
As mentioned previously, hysteresis is not solely a kinetic effect. Data col-
lected using 2- and 60-minute intervals are similar as shown in Figure 3.8a.
More likely, hysteresis is a result of elasto-viscoplastic deformation [65, 70].
As φ increases, σy is expected to drop along with Tg [77]. At sufficiently
high φ, σ will exceed σy and yield. Conversely, the film undergoes the oppo-
site process upon dehydration, consistent with behavior observed in previous
studies [70, 78]. Stress formation and relaxation over time (see Figure 3.8b)
is consistent with prototypical elasto-viscoplastic deformation as described
by Lei et al [70]. Moreover, relaxation kinetics appear similar independent
of the observation time, suggesting a log-normal distribution of viscoelas-
tic or elasto-viscoplastic relaxation times [79, 80]. Khare [80] attributed a
wide distribution of relaxation times in a cross-linked polyamide network to
polydispersity in linear chain segments; in this context each segment of a
specific length corresponds to a specific relaxation time. Elasto-viscoplastic
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deformation is reported elsewhere [69,70,78] for thin polymer films; hystere-
sis in swelling of polyelectrolyte multilayers has been observed previously
as well [81]. Secondary rearrangements associated with the quaternary am-
monium side groups may also contribute to hysteresis, especially in films
containing bulky TPrA or TBA side groups. That the unmodified film ex-
hibits almost no stress hysteresis supports this theory. However, we cannot
distinguish the effect of side group rearrangements from φ-induced plastic de-
formation because the unmodified film also has the lowest φmax and |∆σe|max
and may behave elastically simply because of the low .
Because  is induced by water absorption instead of an external mechanical
force, it is not the current state of the film that deforms, but rather the stress-
free state of the film (i.e., the state the film would adopt if not constrained
to a substrate). As shown in Figure 3.9, elastic swelling is characterized by
isotropic deformation in the stress-free state. Once σ exceeds σy, the stress-
free state proceeds to deform anisotropically—out-of-plane consistent with
swelling in the current state. This behavior is reported elsewhere [69,70,78]
for thin polymer films; hysteresis in swelling of polyelectrolyte multilayers has
been observed previously as well [81]. Secondary rearrangements associated
with the quaternary ammonium side groups may also contribute to hysteresis,
especially in films containing bulky TBA or TPrA side groups. That the
unmodified film exhibits almost no stress hysteresis supports this theory.
However, we cannot distinguish the effect of side group rearrangements from
φ-induced plastic deformation because the unmodified film also has the lowest
φmax and |∆σe|max and may behave elastically simply because of the low .
3.3.6 Specific Volume of Absorbed Water
According to Equation (3.3), depressed values of νs may lead to σH lower
than expected. Indeed, Zhang et al [65] report νs = 0.28 cm
3 g−1 for an
aromatic polyamide, and attribute the low value—compare to bulk νs = 1
cm3 g−1—to free volume. We calculated νs in PVBTC films by comparing h
and m as measured at 0% and 40% RH. Figure 3.10 shows νs plotted against
φ. Depressed values of νs at lower φ are attributed to free volume in the
matrix; the exceptionally low νs observed in TBA films may be related to
their extreme hydrophobicity. The data reveal depressed νs partly explains
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Figure 3.8: (a) Change in biaxial stress (|∆σe|) plotted against mass uptake
(φ) in TMA-based PVBTC films in chloride form as a result of changes in
RH. (b) |∆σe| vs. t/ti where ti is the time interval between RH steps.
Hysteresis is evident at lower humidity levels, and is not simply a result of
slow relaxation kinetics, as seen by comparing data for 2- and 60-min
intervals. The hysteresis in stress is attributed to elasto-viscoplastic
deformation in the film. Stress relaxation appears similar irrespective of the
observation time, which suggests a log-normal distribution of viscoelastic or
elasto-viscoplastic relaxation times [79,80].
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Figure 3.9: Strain () induced by water uptake in an elasto-viscoplastic
film. In step 1, swelling in the current state of the film is anisotropic as the
film is attached to the substrate, while the stress-free state deforms
isotropically. In step 2, the film continues to expand out-of-plane and the
stress-free state begins to deform out-of-plane as well once the yield
strength is reached. Adapted from Francis et al [69] and Lei et al [70].
the deviation from predicted stress observed in Figure 3.7a. At a sufficiently
high φ, νs must converge to its bulk value. However, over the range of
observed φ there appears to be only a gradual increase to νs = 0.9 cm
3 g−1.
3.3.7 Plasticizing and Fox Equation
In addition to the effect on σy, water uptake is expected to reduce Tg by
acting as a plasticizer. Differential scanning calorimetry (DSC) showed a
Tg onset of 68
◦C for virgin PVBCl, while the cross-linked modified and
unmodified PVBTC powders each displayed broader thermal transitions in
the range of 85–105 ◦C. The Fox equation [47] is often used to describe the
Tg of a mixture, with
1
Tg
=
w1
Tg,1
+
w2
Tg,2
(3.7)
where w1 and w2 are the mass fractions and Tg,1 and Tg,2 are the glass transi-
tion temperatures of the polymer and plasticizing agent, respectively. Water
has a Tg of -137
◦C [82]; therefore, as shown in Figure 3.11, Tg of a swollen
film is expected to approach ambient temperature near φ = 0.1 on the basis
of Equation (3.7) and our assumption of Tg,1 and Tg,2. Poly(vinylpyrrolidone)
is shown for comparison as it absorbs comparable quantities of water. The
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Figure 3.10: Specific volume of water (νs) in films calculated from change in
thickness and mass uptake at 0 and 40% RH (or 27% for TMA(F–) and
TEA(ClO–4)). *-Refers to the unmodified film. With the exception of a
couple of outliers, νs appears to trend from 0.8-0.9 cm
3 g−1 over the region
studied; at higher φ, νs is expected to approach 1 cm
3 g−1. Lower values of
νs at lower φ are attributed to free volume in the matrix. The
TBA-modified material exhibits the lowest νs, which may also be due to the
extreme hydrophobicity of the fixed ions.
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Figure 3.11: Plot of Tg vs. mass fractional water uptake (φ) according to
the Fox equation, assuming Tg = 68
◦C (film) and -137 ◦C (water [82]).
Data for poly(vinylpyrrolidone)-water system [84] are shown for
comparison, including a fit to the Fox equation.
equation applies generally across a wide variety of systems, although com-
plications may arise such as in the case of phase separation [83] or specific
interactions between plasticizer and polyelectrolytes [48].
3.3.8 Mechanical Loss in Films
Measurements of shear loss compliance (J ′′) provide further evidence of
changes in the mechanical properties of PVBTC films with water uptake.
Figure 3.12 shows J ′′ for a TMA(Cl−) film measured using the electrome-
chanical resistance of the QCM and calculated from Equation (3.8)
J ′′ =
3pi Z ∆R
2Lω4 ρ2 h3
(3.8)
where Z, ∆R, L, ω are the the acoustic impedance (8.84 × 106 Pa s m−1),
change in electrical impedance, motional inductance (0.0402 H) and angular
resonant frequency (i.e., ω = 2pif) of the uncoated QCM sensor, respec-
tively; and ρ and h are the film density and thickness [66]. Uncertainty
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Figure 3.12: Shear loss compliance (J ′′) as a function of mass uptake (φ)
for TMA(Cl−) film. J ′′ is measured from the QCM sensor resistance in the
TMA(Cl−) film as a result of changes in RH. Data from Smith [85] for a
Decrolon vinyl toluene alkyd resin absorbing toluene are included for
comparison. The upturn in J ′′ near φ = 0.05-0.1 is attributed to plasticizing
due to absorption of water or toluene. Greater mechanical loss at higher φ
is consistent with a reduction in film modulus due to a depression of Tg.
in J ′′ is approximately 0.5×10−8 Pa−1. The film becomes lossier at higher
φ, ranging from 1–3×10−8 Pa−1 at dry and high humidity conditions, re-
spectively. Smith [66,85] described similar values for Decrolon vinyl toluene
alkyd absorbing toluene vapor in a nitrogen environment. As with Smith, we
attribute the increase in J ′′ to the plasticizing effect of absorbed water [48].
Notably, plasticized polymers are known to exhibit relatively broad glass
transitions [83]; the change in mechanical response of PVBTC matrices over
the range of φ = 0.05-0.15 may have its origin in a broad glass transition
region.
3.3.9 Implications for Ion-Exchange Material Design
Our findings have important implications for the design of anion-exchange
materials. Previous research has shown that ion-exchange resins with large,
hydrophobic exchange sites, such as quaternary ammonium salts derived from
TBA or trihexylamine (THxA), have exceptionally high selectivity for per-
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chlorate and pertechnetate [10–12]. The high selectivity of these materials
is attributed to strong affinity between hydrophobic matrices and ions with
large ionic radii and low absolute free energies of hydration relative to other
common anions [12,15]. Increasing resin hydrophobicity also leads to a sub-
stantial reduction of intraparticle diffusion kinetics and equilibration. Since
the data for φmax indicate strong dependence on fixed ion and counterion
composition, it is reasonable to suggest the origins of selectivity lie in the
preference for perchlorate relative to other anions to accept a partially dehy-
drated state. Additionally, since ion-exchange kinetics are known to depend
strongly on resin water content [19,20], the slow exchange kinetics in TBA- or
THxA-modified materials are consistent with our observation of small φmax
for these materials.
3.4 Conclusions
Immobilized PVBCl thin films cast on QCMs and cover glasses allow direct
measurement of mass uptake and biaxial stress due to water absorption in
polyelectrolytes. Altering counterion and fixed ion chemistry leads to widely
different water uptake, with maximum mass uptake ranging from 5.7-52%
and maximum stress ranging from 33-113 MPa. Elasto-viscoplastic deforma-
tion leads to hysteresis in stress upon cycling RH, with a noticeable drop in σy
at φ >0.05-0.1 attributed to the plasticizing effect of absorbed water. Thus,
because of widely varying φ, films also varied widely in their stress response
to increasing φ at high RH. Moreover, as diffusion rates in the materials are
expected to be governed largely by water content [20] the wide range of wa-
ter uptake is consistent with previous research that showed a wide range of
exchange kinetics of ion-exchange resins based on similar chemistries [11,12].
These results ultimately describe how, through judicious selection of fixed
and counterion species, hydrophobic polycation films may be prepared with
predictable and tunable mechanical response to water vapor.
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Nomenclature
List of symbols
C11 elastic constant (GPa)
d thickness of glass cantilever substrate (µm)
f resonant frequency of the coated QCM sensor (Hz)
f0 resonant frequency of the uncoated QCM sensor (Hz)
F primary lens focal length (cm)
∆g change in stress at glass-film interface (N m−1)
∆GH free energy of hydration of counterion (kJ mol
−1)
h thickness of the film (nm)
h0 dry thickness of the film (nm)
J ′′ shear loss compliance of the film (Pa−1)
Kow octanol-water partition coefficient
L motional inductance of the QCM sensor (H)
∆mw change in areal mass due to absorbed water (µg cm
−2)
md areal mass of dry film (µg cm
−2)
nion number of ionogenic sites in film
nw number of absorbed water molecules
∆R change in electrical impedance of the QCM sensor (Ω)
Tg glass transition temperature (
◦C)
∆V rms voltage from the lock-in amplifier (V)
vl longitudinal speed of sound in the film (nm ps
−1)
Vf film volume (cm
3)
V0 dry film volume (cm
3)
∆Vw change in film volume due to absorbed water (cm
3)
w scanning width of the laser beam (m)
Yf Young’s modulus of the film (GPa)
Ys Young’s modulus of the glass cantilever substrate (GPa)
Z acoustic impedance of the QCM sensor (Pa s m−1)
Greek letters
β calibration constant of the position-sensitive detector (V m−1)
 strain
γf Poisson ratio of the film
γs Poisson ratio of the glass cantilever substrate
νs specific volume of absorbed water (cm
3 g−1)
φ mass fractional water uptake
ρ density of the polyelectrolyte film (g cm−3)
∆σ change in biaxial stress (MPa)
σe engineering stress (MPa)
σH hygroscopic stress (MPa)
σt true stress (MPa)
σu ultimate strength (MPa)
σy yield strength (MPa)
ω angular frequency of the coated QCM sensor (Hz)
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CHAPTER 4
MECHANICAL STRESS IN IMMOBILIZED
POLYCATION THIN FILMS INDUCED BY
ION-EXCHANGE
The majority of the material in this chapter is adapted
with permission from: Langer, J.L., Economy, J., Cahill,
D.G., “Mechanical Stress in Immobilized Polycation Thin
Films Induced by Ion-Exchange,” ACS Macro Lett., vol.
1, no. 8, pp. 1056-1060, 2012. Copyright 2012 American
Chemical Society.
4.1 Introduction
Solid-state polyelectrolytes are a useful class of materials due to their abil-
ity to exchange counterions with an adjacent medium [19, 20]. Hydrophobic
polycations have emerged as an important sub-class of polyelectrolytes due
to their propensity to selectively bind perchlorate (ClO–4) and pertechnetate
(TcO–4) from complex environmental matrices [11, 12]. The EPA issued a
final decision in February 2011 to regulate ClO–4 in drinking water because
ClO–4 is a potent inhibitor of iodide uptake in the human thyroid [2]. Anion-
exchange resins containing hydrophobic fixed ions, such as quaternary am-
monium derivatives of tributylamine or trihexylamine, are known to exhibit
high selectivity for ClO–4, and have emerged as a promising treatment option
for contaminated drinking water [9,12]. Selectivity in these systems is gener-
ally understood to be dictated by the free energy associated with hydration
and dehydration of the exchanging anions [12,86].
We recently reported an observation of mechanical stress associated with
water uptake in cross-linked poly(vinylbenzyltrialkylammonium chloride)
(PVBTC) matrices [25] induced by adsorption of water produced by changes
in relative humidity (RH). In the present study we enhance our understand-
ing of this system by measuring mechanical stresses induced by ion-exchange
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Figure 4.1: Exchange of a poly(vinylbenzyltrialkylammonium chloride)
(PVBTC) matrix–shown as modified by TEA–from Cl– to ClO–4 form.
Ion-exchange is accompanied by dehydration of the matrix due to the
relative hydrophobicity of ClO–4.
in aqueous solutions. The exchange of anionic counterion from chloride (Cl–)
to ClO–4, is shown in Figure 4.1. Charge neutrality makes ion-exchange an
inherently stoichiometric process. Water-swollen matrices are generally ex-
pected to dehydrate with the forward process [73] as represented by ∆nw, the
ratio of water molecules expelled by the matrix to the number of ionogenic
sites.
4.2 Experimental Section
4.2.1 Sample Preparation
We prepared cantilevers for measurements of stress induced by ion-
exchange using the same synthetic route described recently [25]. Briefly,
Au (50 nm)/Cr (20 nm)-coated microscope cover glasses were function-
alized with aminopropyltriethoxysilane to give an amine-terminated sur-
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face. Poly(vinylbenzyl chloride) and diazabicyclo[2.2.2]octane (DABCO)
were spin-coated onto the non-metalized side of the cover glass. After curing,
the PVBCl coatings were reacted by nucleophilic substitution with tertiary
amines including trimethylamine (TMA), triethylamine (TEA), tripropy-
lamine (TPrA), and tributylamine (TBA) to give PVBTC films. Swollen
thicknesses are estimated to range from 440-580 nm on the basis of previous
water uptake measurements. After reaction, cantilevers approximately 10
mm × 1 mm were then cut from the cover-glasses using a diamond-tipped
pen. As before, the thickness of the cover glass is 150 µm and the cantilever
dimensions meet the limiting requirements of Stoney’s equation [62,63].
4.2.2 Stress Measurements
Samples were mounted in a cell constructed from polyetheretherketone (PEEK)
as shown in Figure 4.2. Temperature was monitored using a thermistor and
stabilized at 18 ◦C ± 0.2 ◦C with a thermoelectric element mounted on the
backside of the cell. The sample cell was purged in between sampling intervals
with a minimum of 20 times the cell volume of a given solution. Curvature
of each cantilever was measured using a scanning-laser optical apparatus de-
scribed previously [25, 65]. Changes in glass-film interfacial stress, ∆g, were
derived from the rms voltage output ∆V from the lock-in amplifier using
∆g =
Ysd
2
6(1− γs)
√
2∆V
wFβ
(4.1)
where Ys, γs, and d are the Young’s modulus (75.9 GPa), Poisson ratio (0.22),
and thickness (150 µm) of the glass cantilever substrate, respectively, β is
the calibration constant of a position sensitive detector (1000 V m−1), F is
the primary lens focal length (0.5 m), and w is the laser scanning width on
the cantilever (4 mm). Dividing ∆g by the dry film thickness (h0) gives the
change in biaxial engineering stress (∆σe). We use the dry film thickness in
our calculation of stress to maintain consistency with our previous report of
humidity-induced stress [25].
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(a) 
Figure 4.2: Diagram of the sample cell used for measuring changes in
biaxial stress in PVBTC films due to ion-exchange. (a) quartz window; (b)
coated glass cantilever; (c) PEEK cell; (d) thermoelectric chiller used for
temperature control. Aqueous solutions are pumped through the cell in
between measurement intervals.
4.2.3 Temperature Control
Temperature of the sample cell was varied in order to determine how changes
in temperature propagate into changes in the stress state of the films. As
shown in Figure 4.3, each material follows the same general pattern: rel-
ative tensile stress is observed as temperature is raised until a plateau or
a reversal to relative compressive stress is reached at temperatures greater
than 25-30 ◦C. Each material exhibits a change in stress of approximately 1
MPa ◦C−1 from 18-24 ◦C, which suggests errors due to temperature varia-
tion are approximately ± 0.2 MPa. Also shown in Figure 4.3 is the expected
response due to differential expansion of the Cr/Au coating (thermal expan-
sion coefficients: Au, 14.2 ppm K−1; Cr, 5.9 ppm K−1; glass, 7.5 ppm K−1)
relative to the substrate [87]. Assuming the materials are all initially in a
state of compression due to swelling from the water, the observed tensile
stresses generally represent partial relaxation from the swelled state. The
non-monotonic stress response in some of the materials suggests tempera-
ture dependence above 24 ◦C is due to a complicated combination of swelling
and changes in the mechanical properties (i.e., modulus, yield strength) of
the films. Understanding the temperature dependence of the response may
be valuable in its own right and may be further explored in the future.
59
1 5 2 0 2 5 3 0 3 5 4 0- 2
0
2
4
6
8
1 0
1 2
1 4
1 6
T B A
T P r A
T E A
T M A
T M A
A u / C r  E x p a n s i o n
1 0  m M  N a C l
1  M  N a C l
∆σ
e (M
Pa)
 
 
T  ( o C )
Figure 4.3: Change in biaxial stress (∆σe) plotted against temperature for
PVBTC films. The expected response due to expansion of of the Cr/Au
coating is also shown, where the compressive stress in the metal layer leads
to an apparent tensile stress in the polymer coating. Each of the four
materials undergo relative tensile stress–from an expected initial
compressive stress–due to an increase in temperature, with a plateau or
drop-off above 27 ◦C.
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4.3 Results and Discussion
4.3.1 Stress and Ion-Exchange
Changes in biaxial stress in each material due to ion-exchange are shown in
Figure 4.4. Each of the four materials exhibits relative tensile stresses upon
exchange of Cl– for ClO–4. Tensile stresses are consistent with volume loss
due to matrix dehydration. The TBA- and TMA-modified films display the
smallest and largest changes in stress, respectively. The changes in stress are
approximately 5-10 times lower than those observed upon exposure of a dry
film to nitrogen nearly saturated with water vapor [25]. The onset of stress
varies among the materials, occurring at higher ClO–4 concentrations in the
TMA- and TEA- modified films than in the TPrA- and TBA-modified films.
Each data set was fit according to a model involving exchange of ions as
shown in Equation (4.2),
R+Cl− + ClO−4 + nw 
 R+ClO−4 + Cl− + mw + ∆nw (4.2)
where the notation R+X− indicates a counterion bound to a fixed cation,
and ∆nw = nw − mw is the change in absorbed water molecules per fixed
ion site, also shown in Figure 4.1. In this model ion exchange is considered
a chemical reaction with an equilibrium coefficient (K) corresponding to the
distribution of ions according to
K =
[
R+ClO−4
]
[Cl−]
[R+Cl−]
[
ClO−4
] (4.3)
where the notation [ ] refers to the concentration of each species. Larger
values of K indicate greater selectivity for ClO–4 relative to Cl
–. If the change
in stress is directly proportional to the degree of conversion from ClO–4 to Cl
–
form, then the stress data should fit
∆σe = α
[
R+ClO−4
]
[R+Cl−] +
[
R+ClO−4
] (4.4)
where α is a proportionality constant. Equation (4.3) and Equation (4.4)
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Figure 4.4: Change in biaxial stress (∆σe) plotted against ClO
–
4
concentration for PVBTC films modified with: (a) TMA; (b) TEA; (c)
TPrA; and (d) TBA. Tensile stress is positive. Total concentration of the
external solution is constant at 10 mM, with Cl– making up the balance;
both Cl– and ClO–4 are present as Na
+ salts. Colored lines represent fits to
a chemical equilibrium model assuming a proportional relationship between
∆σe and conversion between Cl
– and ClO–4 forms. More hydrophobic
materials display progressively higher selectivity towards ClO–4 as indicated
by the onset of ion-exchange induced stress at lower concentrations.
62
combine to give
∆σe = α K
x
1− x+K x (4.5)
where x is the ClO–4 concentration divided by the total concentration of the
external solution. As defined in this model, K is equivalent to the ClO–4–Cl
–
selectivity coefficient [19].
4.3.2 Maximum Changes in Stress
Maximum changes in biaxial stress (∆σe,max) are summarized for each mate-
rial in Figure 4.5, where they are plotted against the log octanol-water par-
tition coefficients (log KOW ) for analogous benzyltrialkylammonium chloride
salts calculated based on an atom/fragment contribution method [2,72]. The
magnitude of the change in stress varies from 3.1 MPa to 16.6 MPa in the
TBA- and TMA-modified films, respectively, indicating greater dehydration
in the more hydrophilic materials.
For comparison, data from our recent report [25] of stress due to water
vapor absorption are also shown in Figure 4.5. These data are calculated
based on the assumption that the absolute state of stress under dry nitrogen
is identical in both Cl– and ClO–4 forms–if this assumption holds, then the
differences in stress observed at high RH for each ionic form should roughly
correlate to those observed in the present experiment. Indeed, the data
match quite well for all but the TMA-modified film. However, as noted
in our previous report, the Cl–-form TMA-modified material is a peculiar
case because it most likely does not fully dehydrate under dry nitrogen.
Residual water in the matrix leads to uncertainty in our determination of
the appropriate ”dry” reference state. Aside from uncertainty regarding the
TMA-modified film, the data support our assumption that the state of stress
is similar in each dry material irrespective of counterion form.
4.3.3 Volume Changes
Changes in stress are due to hygroscopic strain, or the volume change in the
film (∆Vf ) due to water content and the difference in volume occupied by
Cl– and ClO–4 ions. In Equation (4.5) we have assumed stress is proportional
to the extent of ion exchange. The magnitude of this stress may be used
63
- 3 - 2 - 1 0 1 2 30
4
8
1 2
1 6
L i q u i d  C e l l
V a p o r  C e l l
 
∆σ
e, m
ax (
MP
a)
T B A
T P r A
T E A
 
l o g  K O W
T M A
Figure 4.5: ∆σe,max plotted against log KOW , the estimated octanol-water
partition coefficient for the benzyltrialkylammonium chloride salt derived
from each tertiary amine precursor. Data are shown for both the present
study and our recent report of mechanical stress due to water uptake from
a mixture of nitrogen and water vapor (i.e., the difference in maximum
changes in stress between Cl– and ClO–4 forms assuming the dry states are
identical). Maximum changes in stress correlate well between these
experiments, suggesting the absolute stress in the dry state for each
material is similar regardless of counterion species.
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to estimate ∆Vf and develop new insights into the physical process of ion
exchange.
To estimate the change in volume due to exchange of anions, we calculated
the biaxial modulus (B) for each material from the difference in stress (∆σe)
and volume measured at approximately 83 and 90% RH,
B =
3V0∆σe
∆Vf
(4.6)
where V0 is the dry volume of the film and ∆Vf/3V0 is equivalent to strain
in the present geometry. Changes in volume due to water vapor uptake are
calculated from the fractional mass uptake (φ), specific volume of water (νs),
and density of the material (ρ0),
∆Vf
V0
= ∆φνsρ0 (4.7)
Combined, Equation (4.6) and Equation (4.7) give
B =
3∆σe
∆φνsρ0
(4.8)
which, assuming νs = 1 cm
3 g−1, yields the following B for each amine-
modified film: 0.33 GPa (TMA); 0.58 GPa (TEA); 1.8 GPa (TPrA); and 1.7
GPa (TBA). The moduli of the more hydrophilic materials (i.e., TMA and
TEA) are substantially lower than the others because they are plasticized
due to higher water content [25].
Equation (4.6) may be used to calculate ∆Vf/V0 from B and ∆σe. Micro-
scopic volume changes (i.e., volume per fixed ion) are calculated from ∆Vf/V0
according to Equation (4.9)
∆V ≡ ∆Vf
nion
=
∆Vf
V0
1
NA ρ0C
(4.9)
where NA is Avogadro’s constant and C is the ion exchange capacity (mmol
g−1) of each material. Lastly, Equation (4.6) and Equation (4.9) combine to
give
∆V =
3∆σe
B
1
NA ρ0C
(4.10)
which is used to calculate ∆V for each of the materials.
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Estimated changes in volume due to ion-exchange are shown in Figure 4.6.
Positive values of ∆V indicate dehydration. In the example of the TMA-
modified film, ∆σe = 16.6 MPa gives a ∆V of 80 A˚
3. As shown in Figure 4.6,
the TMA-modified film exhibits the highest ∆V , while the TBA-modified
film is the lowest at 4 A˚3. For comparison, the ionic volumes of Cl– and ClO–4
are 21 A˚3 and 58 A˚3, respectively, as calculated from their thermochemical
radii [15]. Also for reference, the volume of an individual water molecule is
30 A˚3 in bulk liquid water.
Values of ∆nw were calculated from the maximum amount of water ab-
sorbed in each film at high RH [25], allowing us to estimate ∆V w, the change
in volume expected on the basis of dehydration. The TMA-modified film, for
example, absorbs nw = 7.8 in Cl
– form and nw = 2.5 in ClO
–
4 form. Again
assuming absorbed water molecules occupy the same volume as in bulk liquid
water, ∆nw = 5.3 equates to ∆V w = 160 A˚
3.
As shown in Figure 4.6, values of ∆V from the present study follow the
same general trend expected on the basis of our previous report of water
absorption induced by changes in RH. The magnitudes of ∆V are roughly
30-70% lower in the present study than predicted for the TMA- and TEA-
modified films. Such discrepancies in the magnitude of ∆V are unsurprising
given uncertainty in νs and the use of B, which may differ somewhat from
the modulus of each film in contact with a 10 mM aqueous salt solution.
More surprising, however, each of the four materials exhibits a loss in
volume or net contraction upon exchange of Cl– for ClO–4. The TPrA- and
TBA-modified films are predicted to exhibit relatively small ∆V w. If the
difference in ionic volume between Cl– and ClO–4 (∆V ion) is then considered,
net expansion would also be expected for each of these two more hydrophobic
materials. The exact cause for this discrepancy is unclear, but may be due
to differences in how each anion is accommodated by the larger quaternary
ammonium cations.
4.3.4 Selectivity
Selectivity data are summarized in Figure 4.7 along with values of K re-
ported in the literature [86, 88]. The more hydrophobic materials display
higher selectivity for ClO–4, consistent with several other reports on the se-
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Figure 4.6: Changes in volume (∆V ) per ionogenic site in each matrix
plotted against log KOW , the estimated octanol-water partition coefficient
for analogous benzyltrialkylammonium chloride salts. Data are shown for
both the present study (i.e., liquid cell) and our recent report [25] of
relative humidity (RH)-induced water absorption. The expected change in
volume due to absorbed water (∆V w) is calculated from ∆nw, the
difference in number of absorbed water molecules per ionogenic site when
each material contains Cl– versus ClO–4 ions. A correction for the difference
in ionic volume between Cl– and ClO–4, ∆V ion, is shown as well.
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lectivity of bulk anion-exchange resins [11, 12, 86]. However, even the most
hydrophilic TMA-modified film exhibits a strong preference for ClO–4 over
Cl–. Each of the four materials exhibits lower K than expected on the basis
of previous reports [86, 88]. Possible explanations for the lower selectivity
include reduced cross linking density [86] and our use of DABCO instead of
divinylbenzene to cross link the materials. DABCO-based quaternary am-
monium sites, for example, are expected to increase the resin hydrophilicity
relative to divinylbenzene groups.
The general selectivity of these materials for ClO–4 may be rationalized by
considering the free energies of hydration (∆Gh) of ClO
–
4 (-205 kJ mol
−1)
and Cl– (-340 kJ mol−1) derived from lattice energies [15]. Anions bound
in the matrix are forced to accept a lower level of hydration than those in
the adjacent aqueous solution and, consequently, the more hydrophobic ClO–4
ions have a strong tendency to displace Cl– ions in the matrix. The relative
selectivity of the four materials studied is consistent with this concept, as
the more hydrophobic matrices (TPrA and TBA) are expected to be less
accommodating of counterion hydration than the more hydrophilic matrices.
Because of the large difference in ∆Gh between ClO
–
4 and Cl
–, extreme selec-
tivity might be expected for even small differences in ion hydration. However,
other contributions such as electrostatic interaction also factor heavily into
the overall free energy of ion exchange–as evidenced by the preference of con-
ventional (TMA-based) anion exchangers for SO2–4 (∆Gh = -1295 kJ mol
−1)
over Cl– despite the large difference in ∆Gh. The TMA-modified material
(see Figure 4.4a) is the only system for which we collected data for the reverse
process. Similar ∆σe is observed at each ClO
–
4 concentration for both the for-
ward and reverse processes. Experimental difficulty prevented reintroducing
Cl– into the more highly ClO–4-selective films.
4.4 Conclusions
In conclusion, polycationic PVBTC films modified with TMA, TEA, TPrA,
or TBA each exhibit tensile stress upon uptake of ClO–4–an indication that
matrix dehydration dominates any mechanical compression that may be ex-
pected from insertion of an anion larger than Cl–. The magnitudes of stress
observed in the present study show a similar trend to what we predict based
on our recent report of mechanical stress induced by absorption of water
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Figure 4.7: Selectivity coefficient (K) plotted against KOW , the estimated
octanol-water partition coefficient for analogous benzyltrialkylammonium
chloride salts. Values reported in the literature [86,88] are shown for
comparison. Higher values of K indicate greater selectivity for ClO–4.
Despite lower overall values the trend is consistent with that previously
observed for anion-exchange resins [10,11]
.
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vapor [25]. Selectivity of each material for ClO–4 over Cl
– is consistent with
literature reports involving ClO–4-selective anion-exchange resins: the more
hydrophobic materials exhibit greater selectivity for ClO–4 [11,12,86]. More-
over, these results reinforce the theory that selectivity for monovalent anions
is largely dictated by variations in the free energy of hydration. Increasing
hydrophobicity causes the matrices to be less accommodating of anion hydra-
tion. As a result, hydrophilic anions preferentially exchange into an adjacent
aqueous solution, where they are fully hydrated.
4.5 Acknowledgment
This material is based upon work supported by the Center of Advanced Ma-
terials for the Purification of Water with Systems, a National Science Foun-
dation Science and Technology Center, under Award No. CTS-0120978, and
was carried out in part in the Frederick Seitz Materials Research Laboratory
Central Facilities, University of Illinois. JL thanks L.B. Freund for produc-
tive conversations regarding thin film mechanics.
70
Nomenclature
List of symbols
B biaxial modulus of the film (GPa)
C anion exchange capacity (mmol g−1)
d thickness of glass cantilever substrate (µm)
F primary lens focal length (cm)
∆g change in stress at glass-film interface (N m−1)
∆Gh free energy of hydration of counterion (kJ mol
−1)
h0 dry thickness of the film (nm)
K selectivity coefficient
Kow octanol-water partition coefficient
mw number of absorbed water molecules (ClO
–
4 form)
NA Avogadro’s constant (mol
−1)
nion number of ionogenic sites in film
nw number of absorbed water molecules (Cl
– form)
∆nw number of water molecules expelled from matrix
∆V rms voltage from the lock-in amplifier (V)
∆V change in volume per ionogenic site (A˚3)
V0 dry film volume (cm
3)
∆Vf change in film volume (cm
3)
∆V ion difference in volume between one Cl
– ion and one ClO–4 ion (A˚
3)
∆V w microscopic change in volume due to absorbed water (A˚
3)
w scanning width of the laser beam (m)
x ClO–4 concentration divided by total ion concentration
Ys Young’s modulus of the glass cantilever substrate (GPa)
Greek letters
α stress proportionality constant
β calibration constant of the position-sensitive detector (V m−1)
γs Poisson ratio of the glass cantilever substrate
νs specific volume of absorbed water (cm
3 g−1)
φ mass fractional water uptake
ρ0 density of the dry polyelectrolyte film (g cm
−3)
∆σ change in biaxial stress (MPa)
σe engineering stress (MPa)
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